The orderly expression of specific genes is the basis for cell differentiation. Saccharomyces cerevisiae has two haploid mating types, a and α cells, in which the mating-specific genes are differentially expressed. When a and α cells are committed to mate, their growth is arrested. Here we show that a cryptic polyadenylation site is present inside the coding region of the a-specific STE2 gene, encoding the receptor for the α-factor. The two cell types produce an incomplete STE2 transcript, but only a cells generate full-length STE2 mRNA. We eliminated the cryptic poly(A) signal, thereby allowing the production of a complete STE2 mRNA in α cells. We mutagenized α cells and isolated a mutant producing fulllength STE2 mRNA. The mutation occurred in the ITC1 gene, whose product, together with the product of ISW2, is known to repress STE2 transcriptional initiation. We propose that the regulation of the yeast mating genes is achieved through a concerted mechanism involving transcriptional and posttranscriptional events. In particular, the early poly(A) site in STE2 could contribute to a complete shutoff of its expression in α cells, avoiding autocrine activation and growth arrest. Remarkably, no cryptic poly(A) sites are present in the a-factor receptor STE3 gene, indicating that S. cerevisiae has devised different strategies to regulate the two receptor genes. It is predictable that a correlation between the repression of a gene and the presence of a cryptic poly(A) site could also be found in other organisms, especially when expression of that gene may be harmful.
The orderly expression of specific genes is the basis for cell differentiation. Saccharomyces cerevisiae has two haploid mating types, a and α cells, in which the mating-specific genes are differentially expressed. When a and α cells are committed to mate, their growth is arrested. Here we show that a cryptic polyadenylation site is present inside the coding region of the a-specific STE2 gene, encoding the receptor for the α-factor. The two cell types produce an incomplete STE2 transcript, but only a cells generate full-length STE2 mRNA. We eliminated the cryptic poly(A) signal, thereby allowing the production of a complete STE2 mRNA in α cells. We mutagenized α cells and isolated a mutant producing fulllength STE2 mRNA. The mutation occurred in the ITC1 gene, whose product, together with the product of ISW2, is known to repress STE2 transcriptional initiation. We propose that the regulation of the yeast mating genes is achieved through a concerted mechanism involving transcriptional and posttranscriptional events. In particular, the early poly(A) site in STE2 could contribute to a complete shutoff of its expression in α cells, avoiding autocrine activation and growth arrest. Remarkably, no cryptic poly(A) sites are present in the a-factor receptor STE3 gene, indicating that S. cerevisiae has devised different strategies to regulate the two receptor genes. It is predictable that a correlation between the repression of a gene and the presence of a cryptic poly(A) site could also be found in other organisms, especially when expression of that gene may be harmful.
G protein-coupled receptor | mating pathway T he genetic and biochemical features of the cell-type determination and mating processes of the yeast Saccharomyces cerevisiae have been studied in great detail: indeed, this is probably the best known gene regulatory circuit in eukaryotic cells (1) (2) (3) . Although unicellular, S. cerevisiae has two different haploid cell types, a and α cells. Their mating generates a third cell type, the diploid a/α. Mating is elicited by the binding of α-factor and a-factor, respectively, to G protein-coupled receptors Ste2 and Ste3, specifically expressed in a or α cells (4, 5) . When a and α cells are committed to mate, their mitotic cell cycle is arrested in the G1 phase.
In a previous work (6), we showed that the tRNA splicing machinery is able to produce trans-spliced mRNAs. In particular, we succeeded in generating a trans-spliced STE3-STE2 mRNA. During that work, we discovered a previously unnoticed cryptic polyadenylation site early in the STE2 coding region. Cleavage and polyadenylation of pre-mRNAs are essential to ensure transcription termination (7, 8) . In many organisms, the choice of alternative poly(A) sites is a way of regulating gene expression (9) (10) (11) . In yeast, there are a few examples of transcripts with multiple 3′ ends and, in some cases, the alternative cleavage site is located inside the coding region (12) (13) (14) . The cryptic poly(A) site in STE2 fits well with the logic of the regulatory circuit of the mating system, according to which the STE2 gene must be expressed in a cells but repressed in α cells. For this kind of regulation to be effective, the repression should be very tight. If α cells produced even a small amount of the Ste2 receptor, they would undergo autocrine activation of the mating pathway by the α-factor that these cells secrete, leading to growth arrest. Therefore, the genes encoding the pheromone receptors should be very strictly regulated. The internal poly(A) site would eliminate rare transcripts of STE2 escaping repression. Conversely, the other mating-type receptor gene, STE3, is induced only in a cells and not expressed at all in α cells. Thus, no further level of control is required and, indeed, no cryptic poly(A) sites are found in the STE3 coding region.
Results
Detection of Unnoticed Short STE2 Transcript. RT-PCR analysis, such as 3′ RACE, of the STE2 and STE3 transcripts was performed with a/α, α, and a cells in two different strains. The STE3 gene is transcribed as a full-length product only in α cells, and not at all in the other two cell types. In contrast, the STE2 gene is expressed, unexpectedly, as a short transcript in all three cell types, and it is fully transcribed only in a cells. The amplified DNAs obtained from both the short and the long STE2 transcripts were sequenced and the poly(A) sites were identified ( Fig.  1 A and B) . Fig. 1C shows the sequence of the STE2 gene with the poly(A) cleavage site at the 3′ end of the long product, 1,561 nt from the initiation codon and 267 nt downstream of the stop codon. The early poly(A) site, as derived from the sequence of the short transcript cDNA, is located at position 331 from the initiation codon, inside the STE2 coding region.
Mutagenesis of Early Poly(A) Recognition Site. In S. cerevisiae, several recognition sequences are necessary to determine where cleavage and polyadenylation of pre-mRNA will occur. Two sites are usually located upstream of the poly(A) cleavage site and are rich in A and T/U nucleotides (8, 14) . Upstream of the early poly(A) site of STE2, a putative recognition region, rich in A and T/U, can be seen at positions 287 to 316 (Fig. 1C) . To ascertain the role of this sequence, we mutated it in four positions ( Fig. 2 A and B) . The mutated STE2 gene was introduced into a MATα strain, where WT STE2 is not normally expressed as a full-length transcript. We used the strain DDS2 (ref. 6) , in which the endogenous STE2 gene, as well as the STE3 gene, were previously deleted. Moreover, this strain is devoid of the FAR1 gene, responsible for growth arrest; DDS2, consequently, is able to grow even when the mating pathway is autocrinally activated. It also bears a reporter gene, lacZ, linked to the FUS1 gene promoter, which is one of the genes highly expressed during the mating process. When the STE2 gene, mutated in the early poly(A) recognition site, was introduced into DDS2, the full-length transcript of STE2 was obtained (Fig. 2C) . RT-PCR is mainly a way to ascertain the presence or the absence of a transcript, rather than being an indication of the absolute level of mRNA. To have a better, yet indirect, evaluation of the STE2 mRNA level, we performed a β-gal assay. The mutation in the poly (A) site results in activation of the mating pathway, as indicated by a significant, although not striking, increase in the β-gal activity caused by the induction of FUS1-lacZ (Fig. 2D ). These data show that the early poly(A) recognition site is indeed important for the generation of the short transcript.
Isolation and Characterization of Mutant α Cells Able to Produce FullLength STE2 mRNA. We devised a genetic approach, through mutagenesis and suitable screening, to find genes involved in the regulation of STE2 at the level of polyadenylation. If the STE2 gene were expressed as a full-length transcript in α cells, then autocrine activation of the mating pathway would occur (Fig.  3A) . We used DDS2 cells, which would appear blue on X-Gal plates when the mating pathway is induced. Therefore, a mutant producing the full-length STE2 transcript would be easily recognizable. DDS2 was mutagenized with UV light, plated on XGal plates, and screened for blue colonies. As several genes are involved in the mating pathway, many mutations could lead to the activation of the reporter gene by inducing the promoter of FUS1-lacZ and, therefore, numerous blue colonies are expected to arise. Nineteen such colonies, truly dependent on the presence of STE2, were found (Fig. 3B ). We performed an RT-PCR analysis to identify a mutant in which the transcription pattern was altered. Only one candidate (mutant 18) produced the fulllength STE2 transcript, corresponding to a higher level of signal transduction ( Fig. 3 C-E). We carried out an S1 assay and determined that the long transcript, as well as the short one, is indeed present in mutant 18. In DDS2, on the contrary, the main protected fragment corresponds to the short transcript, with a very small amount of the long one (Fig. S1B , lanes 4 and 5).
Having found a promising mutant, we used a gene-complementation approach to search for the gene in which the mutation occurred. Mutant 18 was transformed with a yeast genomic library on a multicopy URA3 plasmid. We plated approximately 6,000 independent transformants on X-Gal plates and searched for colonies reverting to the WT white phenotype. Seventy-two such colonies were found (Fig. 3F) . The dependence of the white phenotype on the library plasmid was assessed by growing the colonies in nonselective medium, thus allowing plasmid loss. In seven of these colonies, we found that the white color was linked to the library gene. Plasmids from these candidates were rescued and sequenced. Six of them carry the FUS3 gene, whereas the seventh contains the KSS1 gene. Both genes code for protein kinases that are components of the signal transduction pathway: FUS3 is involved in the pheromone response whereas KSS1 is important in the filamentous growth pathway (16) (17) (18) . The sequences of both genes in mutant 18 and in strain DDS2 were compared, and no differences were found between the mutant and the isogenic WT, either in the coding region or in the 5′ or 3′ flanking sequences, up to 500 nt in length. We concluded that the reversal of the blue to the white phenotype was probably a dosage effect as a result of the overexpression of FUS3 or KSS1 that interfered with the signal transduction pathway. In fact, when we transformed mutant 18 with a low-copy plasmid encoding FUS3, no effect on signal transduction could be detected (data not shown).
Identification of ITC1 as Mutated Gene in Mutant 18. Because the complementation approach did not lead to the identification of the gene whose mutation causes an increased production of fulllength STE2 mRNA in mutant 18, we decided to directly sequence relevant genes of the mutant and compare them to those of a WT isogenic strain. A total of 18 genes involved in transcription regulation, polyadenylation, or mating pathway were sequenced (Table S1 ). Among these, a mutation was found only in the ITC1 gene, at position 1577, resulting in a premature stop codon approximately halfway down the coding region. The Itc1 protein is required for repression of the STE2 gene and other a-specific genes in α cells (19) . A defect in, or a loss of, Itc1 would allow STE2 expression in α cells and, consequently, autocrine activation of these cells. To confirm that a mutation in ITC1 leads to the phenotype observed in mutant 18, we constructed a mutant deleted in ITC1. The itc1Δ cells are indeed characterized by full-length transcription of STE2 (Fig. 4A , Left) and also by the production of shmoos, the typical projections seen when the mating pathway is activated (Fig. 4B, Left) . Because the Itc1 protein is a component of the chromatin remodeling complex Itc1-Isw2 (19-21), we examined whether a deletion of ISW2 would lead to activation of the mating pathway as the deletion of ITC1 does. Fig. 4 A and B , Right, show that this is the case, regarding both the STE2 transcription pattern and the appearance of shmoos. The strong induction of the reporter FUS1-lacZ gene in itc1Δ and isw2Δ cells is another indication that the signal transduction pathway is active in those strains (Fig. 4C, columns 1 and  3) . Moreover, the itc1Δ strain is complemented by the ITC1 WT gene, albeit not totally, probably because of the partial loss of the plasmid during the incubation (Fig. 4C, column 2) .
Discussion
In this work, we demonstrated the presence of a cryptic polyadenylation site in the early coding region of STE2. This poly(A) site has biological significance, as shown by the fact that its mutation leads to full-length transcription of STE2 and to a change in the arrest phenotype (Fig. 2 C and D) .
What may be the role of the early cryptic poly(A) site in STE2? Gene regulation can occur in several ways. If a certain gene is expressed in specific cell types and not in others, it may always be transcribed, except when it is repressed. Alternatively, it may always stay off until its expression is induced. According to the current model of gene regulation for the mating type determination in S. cerevisiae, there is a notable difference between a and α cells. In a cells, a-specific genes (e.g., STE2) are positively regulated through activation of their transcription by the Mcm1 protein (2); α-specific genes (e.g., STE3) are not induced in these cells and consequently not expressed. In this manner, there will not be autocrine activation in a cells as a result of the contemporaneous production of the receptor and its cognate pheromone. On the contrary, in α cells, not only is there induction of α-specific genes, whose transcription is activated by a complex formed by Mcm1 and α1 (ref. 2), but there is also negative regulation of a-specific genes. These genes are repressed by a cohort of proteins, which include Mcm1, α2, Ssn6, and Tup1, as well as Isw2 and Itc1 (2, 19, 22) .
Loss-of-function mutations are normally more frequent than gain-of-function mutations. For this reason, it is conceivable that, in positively regulated cells (i.e., a cells), there is no need for an additional level of control for those genes that should not be expressed (i.e., α-specific genes). However, if, in negatively regulated cells (i.e., α cells), any of the proteins involved in the inhibition of a-specific genes does not function properly, it is possible to have some expression of a-specific genes. The expression of these genes will lead to autocrine activation and growth arrest. To ensure that no autocrine activation will occur, repression of transcription of a-specific genes needs to be very tight in α cells.
We propose that the regulation of yeast mating genes is achieved through a concerted mechanism that involves transcriptional and posttranscriptional events. Indeed, coupling between polyadenylation and transcriptional regulation has been reported (23) . In a cells, the STE2 gene is actively transcribed. The upstream poly(A) site is skipped as a result of high transcription rate, and the canonical poly(A) site in the 3′ UTR is prevalently used. On the contrary, in α cells, STE2 is repressed and rare transcripts escaping the repression will abort as a result of polyadenylation at the cryptic site inside the coding region (model shown in Fig. 5 ). The early cryptic polyadenylation site in STE2 contributes to its shutoff in α cells, thus avoiding autocrine activation of the pheromone response pathway that could occur as a result of a leaky repression of transcription. Conversely, the STE3 gene, being always off except for where it should be expressed, does not need this further level of control, and indeed, no cryptic polyadenylation site is found in its coding region.
It was shown that defects in transcriptional elongation factors enhance utilization of upstream weak poly(A) sites by increased pausing of RNA pol II (24, 25) , and that nucleosome positioning can slow down RNA Pol II elongation (26, 27) . Moreover, it was shown that nucleosomes play a role in the selection of exons in alternative splicing (reviewed in ref. 28) . It is tempting to hypothesize that they have also an effect on the choice of poly(A) sites (29) . In α cells, in which the chromatin of a-specific genes is well organized by an array of stably positioned nucleosomes (19, 30) , the cryptic poly(A) site in STE2 is prevalently used. In the itc1-or isw2-deleted mutants, because of the absence of the remodeling complex Isw2-Itc1 (19) , chromatin disorganization in the promoter region of STE2 may cause an increased transcription rate and consequent skipping of the cryptic poly(A) site. Full-length STE2 transcripts are therefore produced.
Recently, truncated coding transcripts were detected in hundreds of genes in S. cerevisiae and a general, major regulatory function was proposed for alternative termination (31) . It is plausible that a correlation between the repression of a gene and the presence of a cryptic poly(A) site could be found in other organisms as well, especially when a slight activation of that gene may be harmful (32) .
Materials and Methods
Strains. Escherichia coli strain DH5-α was used to propagate plasmid DNA. S. cerevisiae strains were as follows: PJ17-1A (MATa, trp1, ura3-1, ade2-1 o , lys2-1 o , met4-1 o , can1-100 o , gal10-1 u , his5-2 u , leu2-1 u ); PJ17-6A (MATα, trp1, ura3-1, ade2-1 o , lys2-1 o , met4-1 o , can1-100 o , gal10-1 u , his5-2 u , leu2-1 u ); PJ18 (MATa/α, trp1, ura3-1, ade2-1 o , lys2-1 o , met4-1 o , can1-100 o , gal10-1 u , his5-2 u , leu2-1 u ) (33); CMY15 (MATa, ade5, leu1, trp5, can1, sap3, cyh2); CMY16 (MATα, ade5, leu1, trp5, can1, sap3, cyh2); CMY15/16 (MAT a/α, ade5, leu1, trp5, can1, sap3, cyh2; gift from Carl Mann); DDS2 [MATα, ste2Δ, ste3Δ::ADE2, far1Δ, FUS1-lacZ::TRP1, sst2, ura3-52, leu2-3, trp1, ade2-1, lys2-1, his3 (derived from strain RM27; refs. 6, 34) ]. In strain DDS2, the STE2 and FAR1 genes were deleted by using the hit-and-run system (35) . MZ4 is derived from GDSY30 (MATα, trp1Δ, his3Δ, ura3-52, lys2-801 a , ade2-101 o , can′) with the integrated FUS1-lacZ gene by using a plasmid derived from pSL55 (gift from G. Sprague) (36) .
Oligodeoxyribonucleotides. The primers used for PCR, reverse transcription, 3′ RACE, and sequencing are listed in Table S2 .
Construction of Gene-Disrupted Strains. To construct the itc1Δ and isw2Δ strains, the ORFs YGL133W (ITC1) or YOR304W (ISW2) were deleted in the strain MZ4 by PCR-based gene deletion by using HIS3 as the selection marker. PCR primers used for ITC1 disruption were P1 and P2 (Table S2) . PCR primers used for ISW2 disruption were P3 and P4 (Table S2) . Gene disruption was confirmed by PCR of chromosomal DNA and sequencing of both junctions.
Growth Media. Solid and liquid media were according to Treco and Lundblad (37). Any transcript escaping the repression will abort as a result of polyadenylation at the early cryptic site in the coding region (short and dashed arrow).
Plasmids. The STE2 gene is contained in a 4.3-kb BamHI-BamHI fragment in YEP24 plasmid (gift from L. Hartwell) (38) . Yeast multicopy plasmid pYX223 and centromeric plasmid YCp50 were used. To obtain the STE2 poly(A) − mutant, the early poly(A) recognition site was mutated by PCR site-directed mutagenesis with primer pairs P5/P6 and P7/P8, using pYX223-STE2 as template. The DNA with the modified sequence was reinserted between the BspEI and AatII sites of pYX223-STE2. The ITC1 gene was obtained by PCR and the gap-repair technique, and subsequently cloned into the EcoRIBamHI sites of YCp50 vector. Plasmids were transformed into yeast by electroporation.
RNA Extraction. Yeast cells were grown in 10 mL of selective medium and harvested at an absorbance at 600 nm (A 600 ) of 0.4. The pellet was resuspended in 1 mL of H 2 O at 0 8C, centrifuged for 10 s, and resuspended in 300 μL of RNA buffer (0.5 M NaCl, 200 mM Tris-HCl, pH 7.5, 100 mM EDTA). Cells were disrupted with glass beads (two thirds of volume) and phenol/chloroform/isoamyl alcohol (25:24:1) at 4 8C by full vortexing for 1 min. After centrifugation for 5 min at 4 8C, the aqueous phase was ethanol-precipitated, washed twice with 70% ethanol, and dissolved in 100 μL H 2 O. RNA was stored at −70 8C. 3′ RACE. RNA was reverse-transcribed using the SuperScript III reverse transcriptase (Invitrogen) for 1 h at 55 8C with an oligo(dT)-containing primer P9. One tenth of the reaction was amplified by PCR in 50 μL under the following conditions: 4 min at 94 8C, and 30 cycles of denaturation at 94 8C for 30 s, annealing at 68 8C for 30 s, and extension at 68 8C for 100 s with the AccuPrime Taq DNA polymerase (Invitrogen), using 50 pmol each of appropriate forward primers (P10 for STE2 and P11 for STE3) and a reverse primer (P12). Products were analyzed by electrophoresis on 1.5% agarose gels containing ethidium-bromide in TBE buffer (Tris base 80 mM, boric acid 90 mM, EDTA 1 mM). DNA bands were excised, and DNA was eluted and purified using Qiagen minicolumns.
Sequencing. DNA was sequenced using the BigDye Sequencing Kit (PerkinElmer/Applied Biosystems) at 58 8C, primed with the forward primer used in the PCR. Sequences were analyzed on a 3100-Avant Genetic Analyzer (Applied Biosystems).
Mutagenesis. DDS2 cells carrying the plasmid YEP24-STE2 were grown overnight at 30 8C on selective medium, collected, and suspended in sterile water. Mutagenesis was induced by using a UV lamp (365 nm) for the time necessary to cause 50% survival (20 s). Cells were diluted, spread on selective X-Gal plates (200 cells per plate), and incubated at 30 8C in the dark.
β-Gal Colorimetric Assay. Cells from a midlog phase culture (A 600 of 0.2) were incubated for 4 h at 30 8C. Cells were then harvested and suspended in 1 mL of Z-buffer (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCl, 1 mM MgSO 4 , 50 mM β-mercaptoethanol, pH 7), and two drops of chloroform were added. The cell suspension was incubated at 30 8C for 15 min, and then 200 μL of chlorophenol red-β-D-galactopyranoside (4 mg/mL; Boehringer) was added. At appropriate times, the absorbance was measured at 574 nm. Units of β-gal activity are defined by the following equation:
S1-Endonuclease Analysis. S1-endonuclease analysis is described in detail in SI Materials and Methods.
